Gonadotropin-releasing hormone (GnRH) is exclusively expressed in a unique population of hypothalamic neurons that controls reproductive function. GnRH gene expression is highly dynamic. Its transcriptional activity is regulated in a complex spatiotemporal manner during embryonic development and postnatal life. Although a variety of transcription factors have been identified as regulators of GnRH transcription, most are promiscuous in their DNA-binding requirements, and none are solely expressed in GnRH neurons. Their specific activity is probably determined by interactions with distinct cofactors. Here we find that the Grouchorelated gene (GRG) family of co-repressors is expressed in a model cell line for the GnRH neuron and co-expresses with GnRH during prenatal development. GRG proteins associate in vivo with the GnRH promoter. Furthermore, GRG proteins interact with two regulators of GnRH transcription, the homeodomain proteins MSX1 and OCT1. Co-transfection experiments indicate that GRG proteins regulate GnRH promoter activity. The long GRG forms enhance MSX1 repression and counteract OCT1 activation of the GnRH gene. In contrast, the short form, GRG5, has a dominant-negative effect on MSX1-dependent repression. Taken together, these data suggest that the dynamic switch between activation and repression of GnRH transcription is mediated by recruitment of the GRG co-regulators.
The formation of unique transcription factor complexes determines the intricate spatial and temporal expression of genes during development as well as in terminal differentiation (1) . An example of combinatorial regulation by multiple factors can be seen in cell-specific transcription of the gonadotropin-releasing hormone (GnRH) 1 gene. GnRH, a central regulator of the hypothalamic-pituitary-gonadal axis of the reproductive system, is expressed in a discrete population of neuronal cells (2) . These neurons, scattered throughout the basal hypothalamus in the adult (3), release GnRH in a pulsatile manner. Due to the difficulties in studying the small and dispersed population of GnRH neurons, cultured cell models for GnRH neurons, the GT1-7 and NLT/Gn11 cell lines, were developed by targeted oncogenesis (4, 5) . These model cell lines provided the first insight into the transcriptional regulation of GnRH expression. Using these models, evolutionarily conserved enhancer and promoter elements conferring neuron-specific activation in culture were identified (Ϫ1863 to Ϫ1571 and Ϫ173 to ϩ1, respectively, in the rat sequence) (6 -9) . Furthermore, these regulatory sequences were sufficient for targeting a substantial population of GnRH neurons in transgenic mice (10 -14) .
Interestingly, GnRH promoter activity appears to change during development in accordance with the location of the GnRH neurons. Whereas a low level of expression is detected in the nasal region, promoter activity dramatically increases as the neurons enter the anterior forebrain (15) . Moreover, GnRH gene expression increases gradually, shortly after birth, preceding the increase in GnRH secretion that drives puberty (16) . These data emphasize the need for highly flexible transcriptional regulatory mechanisms.
Thus far, the identification of transcriptional activators has contributed valuable information regarding the up-regulation of GnRH gene expression (9, (17) (18) (19) (20) (21) . The majority of these activators are homeodomain proteins, which typically have promiscuous DNA-binding properties. Their specific activity may therefore be determined by interactions with particular cofactors (22) . Such cofactors can enhance or, alternatively, inhibit the interactions between the homeodomain proteins and the transcriptional machinery as well as the chromatin template and consequently alter the function of the transcription factors themselves (23) . In line with this concept, the POU domain protein OCT1, an essential activator of GnRH transcription in the GT1-7 cells (20, 24) , was also shown to function as a downstream regulator in hormone-induced repression of the GnRH gene (25) (26) (27) . Furthermore, DLX2, an activator, and MSX1, a transcriptional repressor, were shown to functionally antagonize each other by competing for the ATTA elements within the GnRH regulatory region (28 -30) . The dynamic exchange between activation and repression, observed with OCT1 and DLX2/MSX1 is probably facilitated by specific co-regulators. Intriguingly, none of the transcription factors shown yet to regulate the GnRH gene is exclusively expressed in the GnRH neuron (31, 32) . Transcriptional cofactors in this rare cell type might therefore be involved in promoting tissuespecific expression.
In the current study, we searched for OCT1 cofactors in the GT1-7 cells. This approach led to the isolation of GRG5, a member of the Groucho-related gene (GRG) family of co-regulators. We show that GRG family members physically and functionally interact with the homeodomain proteins MSX1 and OCT1 to regulate GnRH gene expression. Furthermore, the Grg family is co-expressed with GnRH during prenatal stages in the mouse and may contribute to early regulation of GnRH gene expression in vivo.
MATERIALS AND METHODS

Two-hybrid Interaction Screen in Yeast-
To isolate cDNAs encoding GT1-7 proteins that associate with OCT1, we first created a randomly primed GT1-7 cDNA library (using poly(A) ϩ mRNA) fused C-terminally to the transactivation domain of the VP16 protein. The yeast strains and expression vectors (generous gift of Dr. Michel Strubin) have been previously described (19, 33) . The GT1-7 cDNA library was introduced into the reporter strain using the method of Schiestl and Gietz (34) , except that the lithium acetate solution contained 1 M sorbitol, and that sheared herring testis DNA (10 mg/ml) (Clontech) was used as carrier DNA. After induction of the library proteins, cells were plated on galactose synthetic medium lacking histidine, containing 10 mM 3-aminotriazole, and assayed for OCT1-mediated stimulation of the selectable His gene transcription as previously described (19) . Plasmids were recovered from the yeast using the method of Robzyk and Kassir (35) . The sequences of the GT1-7 cDNA clones were determined by the chain termination method.
Antibody Production and Immunocytochemistry-GRG5 full-length cDNA was cloned into a pET28 vector containing the Staphylococcus aureus protein A zz domain fused to a His 6 tag (zz-pET28) to produce a zz-tagged fragment. Recombinant protein was expressed in bacteria, isolated on Ni 2ϩ -nitrilotriacetic acid-agarose (Qiagen), and used to immunize a rabbit (Covance). Antibody was affinity-purified against the same GRG5 protein coupled to CNBr-Sepharose (Amersham Biosciences). Cells were plated onto glass coverslips in 24-well tissue culture dishes at a density of 150,000 cells/well. Immunostaining was performed as described previously (36) with minor differences. Cells were blocked with 10% goat serum, stained with GRG5 antibody (1 h, 1:500 dilution), and detected with rhodamine-conjugated anti-rabbit IgG (30 min, 1:100 dilution; Molecular Probes, Inc., Eugene, OR). Following washes, coverslips were mounted in Vectashield solution containing 4Ј,6-diamidino-2-phenylindole for nuclear staining (Vector) and visualized with a Zeiss Axioskop 2 microscope.
In Situ Hybridization and Immunohistochemistry-In situ hybridization and immunohistochemistry were carried out as detailed by Rave-Harel et al. (19) with certain modifications. Mouse embryos were removed at 13.5 days postcoitum, embedded in paraffin, and sectioned at 7-10-m thickness. Slides containing embryo sections were deparaffinized with xylene washes, hydrated in ethanol/water solutions, and digested with proteinase K for 7 min at 37°C, followed by postfixation in 10% neutral buffered formalin for 20 min at room temperature. The sections were washed with 1ϫ phosphate-buffered saline and 2ϫ SSC for 5 min and then hybridized with digoxigenin-labeled (DIG) sense and antisense probes for Grg1 or Grg5. The hybridized DIGlabeled probe was detected using alkaline phosphatase-conjugated anti-DIG antibody (Roche Applied Science) at a dilution of 1:2000 and visualized with the chromogen combination 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium.
Antisense and sense probes were created by incubating 1 g of linearized plasmid DNA with 10ϫ DIG RNA labeling mix (Roche Applied Science) as well as 5ϫ transcription buffer (Promega) and the RNA polymerase T7, T3, or Sp6 for 2 h at 37°C. The antisense Grg1 probe corresponds to the sequence encoded from the 3Ј end of the cDNA until the endogenous BglII site, and the antisense Grg5 sequence corresponds to the entire cDNA, ϩ1120 to ϩ1 of the murine gene.
After the in situ hybridization, slides were subjected to immunohistochemical analysis. These slides were soaked in buffer to stabilize and retrieve the antigen (1 mM citric acid, 8 mM sodium citrate) for 20 min at 65°C. Immunohistochemistry was then performed as previously described (11) . The GnRH peptide was recognized with the LR1 antibody at a dilution of 1:2000 (gift of R. Benoit) and visualized using the horseradish peroxidase-conjugated ABC kit (Vector).
Chromatin Immunoprecipitation-Chromatin immunoprecipitation assays were carried out as described previously (37) with a few modifications. Chromatin of GT1-7 cells was cross-linked for 10 min using formaldehyde. The resulting chromatin solution was precipitated with polyclonal GRG1 and GRG4 antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or acetyl-specific histone 3 antibody (Upstate Biotechnology, Inc., Lake Placid, NY). The following day, chromatin-antibody complexes were isolated from the solution by incubation with 50 l of protein A-Sepharose beads (50% slurry, preblocked with 100 g/ml sonicated Escherichia coli DNA and 1 mg/ml of bovine serum albumin) while being rocked at 4°C for 2 h. The beads were harvested and washed as described previously (37) . Cross-linking was reversed by the addition of NaCl to final concentration of 300 mM and incubation overnight at 65°C. Chromatin-antibody complexes were eluted from the Sepharose beads by the addition of 10% SDS and proteinase K and subsequent incubation at 37°C. The DNA was extracted with phenol/ chloroform, precipitated with ethanol, and dissolved in Tris-EDTA buffer. Immunoprecipitated DNA was analyzed for the GnRH promoter sequence by PCR using primers for the evolutionarily conserved murine sequence, Ϫ253 to Ϫ19.
Protein Production and GST Retention Assay-Expression vectors used for protein production included the full-length human Oct1 and the POU domain of Oct1 in the PCR2.1 vector, the mouse Grg4 in pGEM vector, the mouse Grg5 and Grg5⌬Q in the cytomegalovirus vector (38) , and the mouse Msx1 in the Bluescript vector (39) . In vitro transcription and translation were performed with the Promega TNT coupled reticulocyte lysate system in accordance with the manufacturer's protocol, employing Sp6, T7, or T3 polymerase. [ 35 S]Methionine was used for labeling the protein products. Translation mix containing no vector was used as a control for unprogrammed translation in the reticulocyte lysate. GST fusion OCT1 and GRG5 were created by cloning the human Oct1 and the mouse Grg5 cDNAs into the pGEX-4T1 vector. GST-GRG4 and GST-GRG4Q (40) as well as GST-MSX1 and GST-MSX1⌬HD (39) were previously described. GST fusion proteins expressed in bacteria were bound to glutathione-Sepharose 4B resin (Amersham Biosciences) as previously described (19) . The interaction assay was performed in accordance with the method described by Zappavigna et al. (41) . Samples were separated using a 10% SDS-gel, after which the gel was fixed, soaked in Amplify (Amersham Biosciences), dried, and exposed to Eastman Kodak Co. X-BioMax film at Ϫ80°C.
Co-Immunoprecipitation-GT1-7 cells were transfected with a FLAG-MSX1 expression vector and used for preparation of nuclear extracts, as previously described (42) . Protein G-Sepharose TM 4 Fast Flow beads were incubated with either mouse monoclonal FLAG antibody (M2; Sigma) or normal rabbit IgG (Santa Cruz Biotechnology) for 2 h at 4°C while rotating. After washing away unbound antibody, the protein G-Sepharose-antibody conjugates were incubated overnight with GT1-7 nuclear extract expressing FLAG-MSX1 at 4°C while rotating in binding buffer (20 mM HEPES, pH 7.8, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1 mM dithiothreitol, 5% glycerol, 1% Triton X-100). After washing in buffer containing normal and higher salt concentration (250 mM NaCl), SDS sample buffer was added, and samples were incubated at 90°C for 5 min. Samples were run on a 12% SDS-PAGE gel and transferred to polyvinylidene difluoride. The membrane was blocked with 5% dry milk in TBS-T and probed with anti-GRG1 (anti-TLE1, M101; Santa Cruz Biotechnology). An antirabbit IgG-horseradish peroxidase-linked secondary antibody (Amersham Biosciences) was then applied, and the signal was visualized using the SuperSignal® West Pico chemiluminescent substrate (Pierce).
Cell Culture and Transfections-GT1-7 cells were grown in monolayer culture in Dulbecco's modified Eagle's medium containing 10% fetal calf serum, penicillin (100 units/ml), streptomycin (0.1 mg/ml), and 4.5 mg/ml glucose in an atmosphere with 5% CO 2 . Cells were transfected with Fugene (Roche Applied Science) in 24-well multidishes. The expression plasmids used for co-transfections included the mouse Grg5 in the FLAG-cytomegalovirus vector (43) , the mouse Grg4 in the pCi vector, the human Oct1 in the pcDNA1.1 vector, the mouse Msx1 in the pCB6ϩϪ vector (39) , and empty vectors as negative controls. The reporter plasmids contained the GnRH enhancer (Ϫ1863 to Ϫ1571) fused to the RSV promoter (GnRHe/RSVp), the RSV enhancer fused to the GnRH promoter (Ϫ173 to ϩ112) (RSVe/GnRHp), the RSV enhancer fused to the RSV promoter (RSVe/RSVp), and four copies of the region from Ϫ1802 to Ϫ1762 of the GnRH enhancer fused to the RSV promoter, each in a pGL3 vector driving luciferase expression. Cells were transfected with 100 ng of expression plasmids, 400 ng of reporter plasmid, and 200 ng of the internal control, herpes simplex virus thymidine kinase Ϫ109 promoter on ␤-galactosidase. Cells were harvested 48 h after the transfection, lysed, and assayed for luciferase and ␤-galactosidase expression as previously described (18) .
RESULTS
The Groucho-related Gene Family Is Expressed in GT1-7
Cells-OCT1 and the other transcription factors, characterized thus far as regulators of GnRH gene transcription, have promiscuous DNA-binding specificities and are not exclusively expressed in GnRH neurons. Therefore, we performed a yeast two-hybrid assay to identify OCT1 cofactors that might facilitate restricted expression of GnRH (19) . Using the method of Strubin et al. (33) with a GT1-7 cDNA library, we isolated a member of the Groucho-related gene family of cofactors, GRG5. Groucho-related proteins (GRG in rodents and transducin-like enhancer of split, TLE, in humans) are the vertebrate homologues of the Drosophila Groucho (44, 45) . These proteins interact directly with sequence-specific transcription factors in addition to histones (46) and the basal transcription machinery (47) and function as transcriptional co-repressors (38, 40, 43, 48 -52) . The GRG family includes several characterized members, GRG1-GRG6. GRG5, a truncated version of these coregulators, belongs to the amino-terminal enhancer of split (AES) subgroup (53) . Having identified GRG5 in our yeast two-hybrid screen, we looked for the presence of GRG family members in the GT1-7 cells. By Western blot analyses, GRG1-GRG5 were expressed in the nuclear extract of GT1-7 cells as well as protein extract from embryonic mouse aged 9.5 days postcoitum, which was used as a positive control (53) (Fig. 1A ). In addition, using immunocytochemistry, GRG5 was localized in the nucleus of GT1-7 cells (Fig. 1B) . We also detected the presence of the GRG family members in another cell model for the GnRH neuron, NLT, by reverse transcription-PCR (data not shown). Therefore, several members of the GRG family are expressed in our model GnRH neuronal cell lines and may be available for complex formation with OCT1 in those cells.
Grg1 and Grg5 Co-localize with the GnRH Neurons during Embryonic Development-As components of the Notch signaling cascade, the Groucho-related genes are expressed during embryonic segmentation, neurogenesis, and epithelial differentiation (54 -56). Transcripts of Grg family members are present early in embryonic development starting on day 6.5 postcoitum in the mouse. At later embryonic stages (12-16 days postcoitum), Grg transcripts are present in the olfactory epithelium, olfactory lobe, the ventricular zone of the brain and spinal cord, the outer layers of the cerebral cortex, the lung and kidney epithelia, and salivary gland (53, 57) . Whereas specific patterns of expression are seen during development, Grg transcripts are ubiquitously expressed in the adult mouse (53, 55, 57) .
With the aim of defining Grg expression in relation to the expression of GnRH, we performed double in situ hybridization and immunohistochemistry on parasagittal sections of mouse embryos 13.5 days postcoitum. On this day of prenatal development, the entire population of GnRH neurons has been established, and the cells are migratory, leaving the vomeronasal organ, crossing the cribriform plate to enter the rostroventral forebrain (3) . GnRH promoter activity is highly dynamic at this stage (15) . It was therefore important to confirm that GRG family members, as candidate cofactors for regulating dynamic promoter activity, co-localize with GnRH neurons at this time point in development.
Grg transcripts were expressed in the vomeronasal organ, olfactory epithelium, and the primordium of the septum (Fig.  2) . Co-expression of Grg1 (purple) and GnRH (brown) was seen in neurons located in the nasal region ( Fig. 2A, expanded panel) and forebrain. Similarly, neurons co-expressing Grg5 and GnRH were identified in the primordium of the septum and crossing the cribriform plate (Fig. 2B, expanded panel) . Thus, Grg1 and Grg5 co-expressed with GnRH during prenatal stages of development. Interestingly, Oct1 was also shown to co-localize with migratory GnRH neurons at this embryonic stage (19) .
GRG1 and GRG4 Interact in Vivo with the GnRH Regulatory Region-The data presented thus far indicate that GRG family members are present in GnRH neurons in vitro and in vivo. To test whether the GRG co-regulators associate with the factors bound to the GnRH regulatory region in vivo, we performed chromatin immunoprecipitation assays. We conducted these assays in the GT1-7 cells with antibodies recognizing GRG1 and GRG4. We also included an antibody that recognizes acetylated histone 3 in our chromatin immunoprecipitation analyses to verify an open chromatin template in GT1-7 cells. We chose to target the GnRH proximal promoter because it was well characterized in the rat gene and is highly conserved between FIG. 1. Groucho-related proteins are expressed in GT1-7 cells. A, Western blots of nuclear extracts were probed with antibodies specific to GRG1, GRG2, GRG3, GRG4 (Santa Cruz Biotechnology), and GRG5. Each lane contained 12 g of protein from GT1-7 cells or from 9.5-day postcoitum mouse embryo, as indicated above the gels (GT1 and 9.5D, respectively). The arrows mark the positions of the identified proteins. B, nuclear localization of GRG5 protein in GT1-7 cells. Anti-GRG5 polyclonal antibody was used for indirect immunofluorescence of GT1-7 cells. 4Ј,6-diamidino-2-phenylindole (DAPI) (blue) was used to visualize the nuclei, and rhodamine isothiocyanate (RITC; red) was used to visualize GRG5.
rat and mouse (6, 24) . PCR amplification of the sequences, immunoprecipitated by the antibodies, showed that both GRG antibodies precipitated the mouse GnRH promoter region in GT1-7 cells (Fig. 3) . Moreover, the acetylated histone 3 associated with the GnRH promoter in GT1-7 cells but not in the pituitary gonadotrope immortalized L␤T2 cells that do not produce GnRH. This indicates that in vivo, GRG1 and GRG4 are members of the transcription factor complexes that form on the GnRH promoter in an open chromatin state. Thus, they may play a role in transcriptional regulation of GnRH.
The GRG Proteins Interact with OCT1 and MSX1 in VitroTwo forms of GRG proteins have been described thus far, the long form (GRG1 through 4, and GRG6 in the mouse) and the short form (the AES proteins, such as GRG5). The long GRGs consist of five characteristic domains (Fig. 4A) . The carboxylterminal region of these proteins contains multiple WD40 repeats that are important for interaction with proteins involved in repression (44, 45) . The amino terminus of these proteins contains a highly conserved glutamine-rich (Q) domain that is required for tetramerization of GRG family members. In addition, a nuclear localization signal (NLS) motif and phosphorylation sites are located in the central region. Two domains implicated in repression activity, rich in both glycine and proline (GP) or in serine and proline (SP) flank the NLS. The GRG short forms (such as GRG5) are composed of the N-terminal region including the Q domain and a portion of the GP domain but lack the NLS, SP domain, and the entire WD40 domain (Fig. 4A) .
The GRG family has been shown to interact with a variety of DNA-binding proteins, including transcription factors, chromatin high mobility group factors (58, 59), and histones (46) . The WRPW peptide motif and the FXIXXIL peptide motif in the engrailed homology domain (eh1) of such factors have been shown to be important for recruitment of the GRG proteins (54, 60, 61) . Previously, we identified MSX1 as a transcriptional repressor that binds to the regulatory regions of the GnRH gene and functionally antagonizes DLX2 activity (30) . MSX1 is a homeodomain protein that contains an eh1 domain (amino acids 50 -72; Fig. 4A ) (38) , making it another plausible candidate for interaction with GRG proteins. Therefore, to explore the possible interaction with MSX1 as well as confirming the interaction between GRG and OCT1 observed in the yeast screen, we performed GST pull-down assays. GRG family members, OCT1 and MSX1, were expressed in vitro as 35 S-labeled proteins and incubated with GST fusion proteins immobilized on glutathione-Sepharose beads. As seen in Fig. 4B , GST-GRG4 and GST-GRG5 interact with OCT1 as well as MSX1 (OCT1 and MSX1 panels, lanes 3 and 4) , whereas GST-OCT1 interacts with GRG4 and GRG5 (GRG4 and GRG5 panels, lane 2). GST-MSX1 also interacts with GRG4 (Fig. 4B, GRG4 panel,  lane 6 ). As a negative control, green fluorescent protein was added to the interaction assay and did not precipitate with any of the GST-tagged proteins (Fig. 4B, GFP panel) . Previous studies have mapped the interaction between the eh1 domain of the homeodomain proteins and the GRG proteins to the WD40 domain of the long GRG family members (38) . Interestingly, this domain is not found in GRG5. Thus, we were interested in determining the GRG5 domain important for interaction with MSX1 and OCT1. The GRG Q domain has been previously implicated in protein-protein interactions (40, 48) ; we therefore used a mutant GRG5, lacking the Q domain (GRG5⌬Q) in our pull-down assay. As seen in Fig. 4B , deletion of the Q domain of GRG5 prevented interaction with GST-OCT1 and GST-MSX1 as well as with the GRG family members GRG5 and GRG4 (Fig. 4B, GRG5⌬Q panel) . Using a GST-GRG4 protein construct containing only the Q domain (GRG4Q), we confirmed that the Q domain is sufficient for the interaction with both OCT1 and MSX1 (Fig. 4B, OCT1 and 
MSX1 panels, lane 5).
We also investigated the interaction of wild-type GRG proteins with a mutant MSX1, lacking the homeodomain and C-terminal region (G-MSX1⌬HD), in order to determine which of the MSX1 domains was necessary. Fig. 4B indicates that the N-terminal region of MSX1 is sufficient for MSX1-GRG4 interaction (Fig. 4B, GRG4 panel, lane 7) . This region retains the MSX1 eh1 domain (amino acids 50 -72); therefore, the interaction between the mutant MSX1 and the long GRGs was expected. We next examined the association of the GRG proteins with the POU domain of OCT1. Our results show that the POU domain is sufficient for OCT1-GRG5 dimerization, but not for OCT1 dimerization with the long GRG4 (Fig. 4B, POU panel, 
FIG. 2. Expression of Grg1 and Grg5 in relation to the migratory GnRH neurons in vivo.
In situ hybridization/immunohistochemical analyses on embryonic day 13.5 mouse embryos were carried out using an antisense probe specific for Grg1 (A) or Grg5 (B). Expression of the Grg transcripts (purple) is shown in relation to the GnRH-positive cells (brown). The expanded panels represent ϫ20 magnification of the denoted region. OB, olfactory bulb; PS, primordium of the septum; CP, cribriform plate; OE, olfactory epithelium; VNO, vomeronasal organ.
FIG. 3. GRG1 and GRG4 interact in vivo with the GnRH promoter.
A chromatin immunoprecipitation experiment was performed in GT1-7 cells using antibodies recognizing GRG1 and GRG4. PCR amplification of the chromatin, immunoprecipitated with these antibodies, gave a 220-bp product corresponding to the GnRH promoter. Immunoprecipitations with no antibody were used as negative controls. Dilutions of 1:10, 1:50, and 1:25 of the total input as well as a concentrated aliquot are also shown. Immunoprecipitation with acetylated histone 3 (␣-L K H3) was used to test for an open chromatin state in the GT1-7 cells, in comparison with L␤T2 cells. lanes 3 and 4) . In this context, we note that whereas no GRGrecruiting motif has yet been identified in the OCT1 peptide (38), a conserved glutamine-rich Q domain is present in both OCT1 and OCT2 (Fig. 4A) (62) . Although dimerization of the POU domain in solution was previously established (63), we did not observe interaction of the POU domain with GST-OCT1. It is possible that the context of the full-length OCT1 disrupts the interaction between the POU domains, whereas homodimerization of OCT1 may depend on the N-terminal and C-terminal regions. As expected, both OCT1 and MSX1 form homodimers (Fig. 4B, OCT1 panel, lane 2, and MSX1 panel, lane 6) (39, 62) , and interestingly, OCT1 and MSX1 appear to form heterodimers as well (Fig. 4B, OCT1 panel, lane 6, and MSX1  panel, lane 2) . OCT1-MSX1 heterodimerization seems to be dependent on regions outside of the OCT1 POU domain and the MSX1 N-terminal domain (Fig. 4B, OCT1 panel, lane 7, and  POU panel, lanes 6 and 7) . We also observed an interaction between OCT1 and DLX2 (data not shown). In summary, the interaction between the GRG family and OCT1 or MSX1 requires the Q domain of the GRG proteins and is independent of the homeodomain and the C-terminal regions of the MSX1 protein. Moreover, the POU domain of OCT1 is sufficient for interaction with GRG5 but not GRG4.
The GRG Proteins Interact with MSX1 in Vivo-To further verify the physiological significance of the interactions observed in vitro, we tested whether endogenous GRG proteins specifically associate with MSX1 in a cell model for GnRH neurons. Using a FLAG-tagged MSX1 protein expressed in GT1-7 cells, we co-immunoprecipitated the tagged protein in addition to a protein complex recognized by the antibody against GRG1, a representative of the GRG long forms. As seen in Fig. 4C , the immunoprecipitated complex formed a prominent band that co-migrated with the GRG1 protein expressed in unprecipitated GT1-7 extract. As a negative control, an equivalent amount of normal rabbit IgG was added to the interaction assay and did not precipitate the GRG1 protein.
These data demonstrate that GRG proteins associate with MSX1 in GnRH-expressing cells. Therefore, the interaction between this family of co-repressors and the MSX1 repressor is probably relevant to the transcriptional regulation of GnRH expression in vivo.
GRG Proteins Regulate GnRH Gene Expression-The GRG proteins do not bind directly to DNA but instead form transcriptionally repressive complexes with DNA bound factors (44, 45) . Given the presence of the GRG family members in the GT1-7 cells (Fig. 1) , their interaction with the GnRH promoter (Fig. 3) , and their interaction with previously identified transcriptional regulators (Fig. 4, B and C) , we investigated their effect on GnRH promoter activity. Transient transfections were conducted in GT1-7 cells using luciferase reporter vectors. Overexpression of GRG4 led to a 40% reduction in GnRH enhancer and promoter reporter activity in the context of a heterologous RSV element (GnRHe/RSVp and RSVe/GnRHp) (Fig. 5A) . However, no statistically significant effect was observed with GRG4 in the presence of the RSV enhancer/promoter reporter. This suggests that GRG4 acts as a co-repressor of GnRH promoter expression in culture. We then explored the activity of the short form of the GRG family, GRG5. Overexpression of GRG5 did not result in a statistically different change in reporter activity but consistently trended toward an increase (up to 132%) (Fig. 5A) . Moreover, co-transfection of rabbit IgG. Western blot of the proteins precipitated by this assay were performed with an antibody specific to GRG1. The left lane represents expression of the endogenous GRG1 protein in GT1-7 nuclear extract without immunoprecipitation.
FIG. 4. GRG proteins specifically associate with OCT1 and MSX1.
A, schematic diagram of the polypeptides used in the GST pulldown assays. The upper scheme illustrates the structure of the long GRG forms, GRG1 to -4. These proteins are characterized by a conserved N-terminal Q domain (gray) and a conserved C-terminal WD repeat domain (black). These regions are separated by domains that have been implicated in transcriptional repression (GP and SP, stripes) and nuclear localization (NLS, white). GRG5 is a truncated form of the GRG family, lacking the NLS, SP domain, and the entire WD40 domain. The OCT1 protein contains a POU domain, which is constituted of a POU homeodomain (PH) and a POU-specific domain (PS). It also includes three conserved Q motifs, located at amino acid positions 181-196, 205-220, and 229 -241 in the human sequence. MSX1 protein contains a homeodomain (HD) and an eh1 domain. B, mapping the interactions between the GRG proteins, MSX1 and OCT1. 35 S-Labeled in vitro translated proteins were used for binding assays with GST or GST fusion proteins adsorbed to glutathione-Sepharose beads. One-tenth of each of the in vitro translated proteins used for binding was run on the input lanes to visualize the protein products. Since GST pull-down is not a quantitative assay, every band (weak or strong) is considered as a real interaction. Our inability to detect the mutual interaction between GST-MSX1 and GRG5 may be explained by interference of the GST part of the fusion protein with the interaction with the in vitro translated protein. This phenomenon has been described by others (78) . C, GRG proteins interact with MSX1 in vivo. GT1-7 nuclear extracts expressing FLAG-MSX1 fusion protein (as labeled above the gel) were used in co-immunoprecipitation (IP) assays employing either a FLAG monoclonal antibody or as a control, normal GRG5 reversed the repressive activity of GRG4 on the GnRHe/ RSVp reporter (Fig. 5B ). Therefore, it is possible that transcription factor complexes that repress GnRH activity are in fact inhibited by GRG5 overexpression in GT1-7 cells. These results are in agreement with the previous observation that GRG5 acts as a dominant negative to the repressive activity of the fulllength GRGs (43, 64) .
GRG4 Represses OCT1 Activation of GnRH Gene Expression-To verify the functional interaction between the GRG family and OCT1 in the regulation of GnRH transcription, we performed transient transfection assays in the GT1-7 cells. OCT1 is not known to be a strong transcriptional activator. Therefore, we created a reporter plasmid containing four copies of the essential OCT1 binding site in the enhancer (20) to increase the potential for OCT1 activation. This multibinding element was fused to the heterologous RSV promoter in order to obtain high levels of transcription. In this context, OCT1 activated reporter gene transcription by 170% (Fig. 6) . Overexpression of GRG4 decreased reporter activity to 54%. Furthermore, OCT1-mediated activation was significantly decreased in the presence of GRG4. These data suggest that the GRG co-repressors can regulate OCT1-mediated activation of GnRH expression. Conversely, GRG5 had no significant effect on OCT1 activation of GnRH transcription (data not shown). Thus, it is possible that the interaction between OCT1 and GRG5 is involved in induced response rather than basal transcription. Alternatively, additional components, yet unidentified, may be required for function of the OCT1-GRG5 complex.
The GRG Family Regulates MSX1-mediated Repression of the GnRH Gene-MSX1 has been shown to repress GnRH promoter activity by binding to consensus homeodomain repeats (ATTA) in the enhancer and promoter (30) . To determine the functional interaction between GRG5 and MSX1, we performed transient transfections in the GT1-7 cells using the GnRH enhancer coupled to the RSV promoter reporter. Overexpression of the MSX1 protein significantly reduced the activity of this reporter by 60% (Fig. 7) . Interestingly, although GRG5 alone did not significantly affect GnRH expression, MSX1-dependent repression of the GnRH reporter was reversed by overexpression of GRG5 (Fig. 7A) . These data suggest that GRG5 has a dominant negative effect on MSX1 repression. We then asked whether a long form of the GRG family, GRG4, might act as a co-repressor for MSX1 using the same vector. Overexpression of GRG4 significantly enhanced MSX1-mediated repression of GnRH reporter activity (Fig. 7B) , indicating that GRG4 functions as a co-repressor of MSX1. As a control, overexpression of GRG5 or GRG4 had no effect on DLX2 activation through the same ATTA sites, possibly due to the absence of an eh1 domain in DLX2 (data not shown). These data suggest that MSX1-dependent repression of GnRH expression is mediated through recruitment of GRG proteins to the GnRH regulatory region.
DISCUSSION
Cell-specific gene expression is often brought about by generally expressed transcription factors, forming a unique complex with specific co-regulators (65). Here we explore the role of the Groucho-related gene family of co-repressors in transcriptional regulation of the GnRH gene. We show that GRG family members, expressed in a specific pattern during early development (53, 55, 57) , colocalize with migratory GnRH neurons (Fig. 2) . Moreover, recruitment of the GRG proteins by the homeodomain transcription factors OCT1 or MSX1 leads to dynamic changes in GnRH gene expression in culture (Figs. 6 and 7) . We therefore propose that GRG proteins function as co-regulators of GnRH transcription during prenatal development.
GRG proteins are thought to mediate long range repression. In other words, they are able to silence gene expression regardless of their distance, by kilobase pairs of DNA, from the enhancer region. This function may be accomplished by the formation of multiprotein complexes termed repressosomes FIG. 5 . GRG4 and GRG5 regulate GnRH gene reporter activity. Transient transfections were conducted in GT1-7 cells using various GnRH reporters, driving luciferase expression. The cells were co-transfected with expression vectors for the mouse GRG4 and/or GRG5 proteins. The internal control was a herpes simplex virus thymidine kinase Ϫ109 promoter regulating ␤-galactosidase expression. The activity of the empty expression vector, normalized to the activity of the co-transfected internal control, was set at 1 for each experiment. Error bars represent S.E. A, GRG4 represses GnRH reporter activity. GRG4 and GRG5 transcriptional activity (black and gray, respectively) is compared with the activity of the empty vector (white). The asterisks represent significance (p Ͻ 0.05 by analysis of variance, Tukey-Kramer honestly significant difference (HSD) test). B, GRG5 reverses the repression activity of GRG4. The activity of GRG4 by itself as well as in combination with increasing amounts of GRG5 was measured using the GnRH enhancer/RSV promoter reporter. The pound sign represent significance (p Ͻ 0.05 versus GRG4 by analysis of variance, TukeyKramer HSD test).
FIG. 6. GRG4 represses OCT1 activation of GnRH expression.
Transient transfections were conducted in GT1-7 cells as described in Fig. 4 , with four copies of the major OCT1 binding site (Ϫ1783/Ϫ1771) in the GnRH enhancer fused to the RSV promoter, controlling luciferase expression. The error bars represent S.E. The asterisks represent p Ͻ 0.05 versus GRG4 by Student's t test. The pound sign represents significance (p Ͻ 0.05 versus the empty vector by analysis of variance using the post hoc Tukey-Kramer HSD test). (23) . However, the mechanism by which the Groucho family represses transcription has not been clearly understood. The ability of GRG proteins to both oligomerize and interact with core histones (46) and, therefore, to polymerize along the template might explain their function in long range repression. Further, mounting evidence suggests that Groucho and its related proteins participate in chromatin remodeling by recruiting factors involved in histone deacetylation, such as histone deacetylase 1, Sin3, and RbAp48 (65, 66) . These findings connect GRG function with histone deacetylase activity and, thus, suggest that GRG repression occurs through remodeling of the chromatin structure. On the other hand, treatment with trichostatin A, an inhibitor of histone deacetylase activity, does not fully relieve the repressive activity of the GRG proteins (66, 67) . This indicates that chromatin remodeling is not the only means by which the Groucho family represses transcription but rather suggests GRG involvement in additional mechanisms of repression, such as inhibition of the basal transcriptional machinery. Interestingly, it was recently discovered that the GRG proteins interact directly with a component of the basal machinery, TFIIE (47), supporting a role for interaction with the basal machinery in GRG-mediated repression.
We have identified the transcription factors OCT1 and MSX1 as novel partners for the GRG proteins on the GnRH gene. Previous studies have mapped the interaction between the eh1 domain of the homeodomain proteins and the GRG proteins to the WD40 domain of the long GRG family members (38) . Because the short form of the GRG family, GRG5, does not contain a WD40 domain (Fig. 4A) , we explored the possibility that the Q domain might serve the same purpose. Using an in vitro protein interaction assay, we find that the Q domain of GRG5 is necessary, and that the Q domain of GRG4 is sufficient, for the interactions with both OCT1 and MSX1 (Fig. 4B) . This is consistent with recent studies suggesting that the GRG Q domain functions in protein-protein interactions (40, 48, 68, 69) .
Intriguingly, OCT1 employs different domains for interaction with the long GRG form versus the short GRG form (Fig.  4B) . The interaction between OCT1 and GRG5 maps to the POU domain, whereas GRG4 does not contact this domain. Identification of a Q domain, also serving as the activation domain, in the N-terminal region of OCT1 and -2 (62) suggests the possibility that the long GRG family members may interact with OCT1 through this region. Interestingly, the Q domain of OCT1 contains an eh1-like domain, FIISQTP (amino acids 206 -212). This peptide has only one nonconserved change in amino acid, compared with the consensus FXIXXIL. This level of conservation is similar to the eh1-like domain of Dorsal shown to mediate transcriptional repression and binding to Groucho (70) . Thus, the interactions between the long GRGs and OCT1 may involve Q domain associations or, alternatively, requirement of the WD40 repeats by an eh1-like domain. Our results, which indicate sufficiency of the GRG4 Q-domain for interaction with OCT1, uphold the first possibility.
Given the common and promiscuous binding nature of the transcription factors OCT1 and MSX1, we hypothesized that their transcriptional activity might be regulated by the GRG co-factors. Indeed, we observed that the long GRGs enhance MSX1 repression and counteract OCT1 activation of the GnRH gene (Figs. 6 and 7) . In contrast, the short form, GRG5, has a dominant-negative effect on MSX1-dependent repression (Fig. 7) . Interestingly, clusters of binding sites for OCT1 and MSX1 are intermittently dispersed over the 3-kb regulatory region of the GnRH gene (9, 30) . This finding, together with the demonstrated physical (Fig. 4) and functional (Figs. 6 and 7) interaction between MSX1 or OCT1 and the GRG family, suggest that GRG proteins participate in long range repression of the GnRH gene.
Recent studies indicate that some DNA-binding proteins can function in both transactivation and transcriptional repression by recruiting specific co-repressor or co-activator complexes (40, 48, 71) . This phenomenon may be attributed to the context of the binding site, both the cis-and trans-regulatory components. For example, the Drosophila protein, Tinman (NK-4) has been characterized as a transcriptional activator, which can form functional enhanceosome complexes with co-activators such as p300. However, it can also repress transcription of target genes through interaction with Groucho (48) .
We hypothesize that such a phenomenon may also occur on the GnRH gene. In the case of OCT1, recruitment of PBX/ PREP1 facilitates formation of activator complexes on the GnRH regulatory region (19) , whereas the formation of repressive complexes would entail OCT1 recruitment of the GRG proteins (Fig. 8) . Likewise, the antagonistic action of MSX1 and DLX2 through the same GnRH homeodomain elements may involve interactions with specific cofactors. MSX1 binding to these sites can recruit the GRG proteins to co-repress transcription of GnRH, whereas DLX2 binding may recruit coactivators to increase transcriptional activity. It is likely that the turnover of enhanceosome and repressosome complexes is coordinated on the OCT1 and MSX1 clustered sites, given their dispersed location and the ability of OCT1 to interact and cooperate with both activators and repressors (Fig. 4) (19, (72) (73) (74) . Perhaps GRG5, as a dominant-negative partner for the GRG co-repressors and MSX1, facilitates the transition from repressosome to enhanceosome. The dynamic formation of these enhanceosomes and repressosomes could serve as an efficient molecular response to developmental or environmental stimuli. In fact, such dynamic regulation of GnRH promoter activity has been reported during embryonic development (12, 15) , when we have found that Msx1, Dlx2, Oct1, Pbx1, Grg1, or Grg5 and GnRH are co-expressed (Fig. 2) (19, 30) .
What is the physiological role of the Groucho-related proteins in GnRH regulation of the reproductive system? Interestingly, GRG5-null females display reproductive delay (75) . Although this phenotype can be attributed to the pituitary abnormalities observed in these mice (76) , giving the feedback loop regulation of the hypothalamic, pituitary, gonad axis, it may also represent an effect at the level of the GnRH neuron. In addition, transgenic expression of TLE1 (e.g. GRG1) in postmitotic neurons inhibits neuronal development in the embryonic forebrain (77) . These data suggest that the Groucho family may regulate differentiation of the GnRH neurons in vivo.
In conclusion, we have explored novel interactions between the Groucho family of co-repressors and the transcription factors OCT1 and MSX1. We show that GRG proteins interact with the GnRH regulatory region and mediate OCT1-or MSX1-dependent regulation of the GnRH promoter. Moreover, we propose that these interactions occur during prenatal stages in vivo and may facilitate developmental regulation of GnRH gene expression. (47, 79) . OCT1 may function as a repressor in this setting. Domains that serve for protein-protein interaction, analyzed in our present study, are shown. hdc, homeodomain plus the carboxyl terminus; n, amino-terminal domain; q, glutamine-rich domain. B, GRG5 relieves repression through sequestering MSX and GRG co-repressors. The combinatorial action of OCT1, PBX/PREP1, and DLX2, possibly together with coactivators, leads to transcriptional activation. It is plausible that OCT1 mediates the connection to the basal transcription machinery by direct interaction with SNAPc (80) . This whole complex may be considered an enhanceosome.
